The effective manipulation of excitons is important for the realization of exciton-based devices and circuits, and doping is considered a good strategy to achieve this. While studies have shown that 2D semiconductors are ideal for excitonic devices, preparation of homogenous substitutional foreign-atom-doped 2D crystals is still difficult. Here we report the preparation of homogenous monolayer Sb-doped MoS 2 single crystals via a facile chemical vapor deposition method. A and B excitons are observed in the Sb-doped MoS 2 monolayer by reflection magnetic circular dichroism spectrum measurements. More important, compared with monolayer MoS 2 , the peak positions of two excitons show obvious shifts. Meanwhile, the degeneration of A exciton is also observed in the monolayer Sb-doped MoS 2 crystal using photoluminescence spectroscopy, which is ascribed to the impurity energy levels within the band-gap, confirmed by density function theory. Our study opens a door to developing the doping of 2D layered transition metal dichalcogenides with group-V dopants, which is helpful for the fundamental study of the physical and chemical properties of transition metal dichalcogenides. 
INTRODUCTION
The large exciton binding energy and long exciton diffusion length make the two-dimensional (2D) semiconductors become an ideal system for realizing the practical exciton-based devices operating at room-temperature.
1,2 Among them, 2D MoS 2 as a typically layered transition metal dichalcogenides (TMDCs) has received increasing attention due to its unique physical and chemical properties, and potential applications in electronic and optical fields. [3] [4] [5] Especially, the theories and experiments have shown that monolayer MoS 2 has more attractive properties than its bulk form. [6] [7] [8] [9] [10] [11] For example, a direct band gap, 6, 8 valley Halleffect, 7, 9 and the inversion symmetry breaking have been observed in monolayer MoS 2 . 10, 11 Many methods have developed to synthesize monolayer MoS 2 , among them the most efficient methods are liquid phase exfoliation, mechanical exfoliation, and chemical vapor deposition. [12] [13] [14] Very recently, the monolayer MoS 2 , which synthesized by the mechanical exfoliated method, based field effect transistors show a high electronic mobility up to 200 cm 2 /V·s at room temperature, a large on/off current ratio of about 10 8 , and low standby power dissipation. 13 But, it is hardly applicable to the large-scale practical devices, due to the low-yield and poor controllability of the mechanical exfoliation technology. 3 To this end, how to grow the large-scale monolayer MoS 2 crystals with high electronic mobility is an important research topic in recent years. Several groups have succeeded in the preparation of monolayer MoS 2 crystals by the CVD method. As reported, the growth precursors and recipes have a direct influence on the electronic properties of the prepared samples. The obtained electronic mobility ranges from less than 1 to about 90 cm 2 /V·s at room temperature, which are directly related to the density of defects in samples. [14] [15] [16] [17] [18] Meanwhile, elements doping is considered as a good way to regulate the physical properties of MoS 2 ; it can change the electronic band structure of the pristine materials, as a result, it affects the transport of electrons.
For semiconducting materials, it is a good strategy to control their basic physical properties, such as the conduction type, carrier concentration, electrical conductivity, band gap, and photoluminescence, by impurity doping. Several groups have studied the possibility of other species doping of monolayer MoS 2 by firstprinciples calculation method. The results show that the MoS 2 system is stable for the implant of group-VB (V, Nb), group-VIB (W, Cr), group-VIIB (Mn, Re), group-VIII (Fe, Co, Pd), group-IB (Au), group-IIB (Zn, Cd, Hg), and group-VIA (Se) atoms; [19] [20] [21] [22] [23] [24] 31 additionally, other elements doping of MoS 2 have been also experimentally achieved, such as Co, Re, Cr, V, and Mn. [32] [33] [34] [35] The inhomogenous doping of crystals and the enhanced impurity scattering to electrons hinder the development of elements doping of MoS 2 . The suitable dopants and growth recipes are essential for the improvement of the intrinsic properties of MoS 2 crystals. Group-VA based compound semiconductors, which exhibit excellent carrier transport properties, are the important materials for the applications in microelectronics. 36, 37 Meanwhile, a recent theory research shows that the surface S atoms substitute by the group-VA elements (N and P) may result in MoS 2 become a p-type semiconductor with magnetic. 21 More important, there is no report about the successful preparation of the homogenous group-VA elements doped MoS 2 single crystals.
Here, we prepared the monolayer Sb-doped MoS 2 single crystals by a facile chemical vapour deposition (CVD) method. The growth time and the carrier gas flow rate affect the final morphology of crystals. The synthesized crystals exhibit highquality, single crystalline, and homogenous composition which are confirmed by aberration-corrected scanning transmission electron microscopy (AC-STEM), energy dispersive X-ray spectroscopy (EDS), and Raman mappings. The quantitative analysis of the EDS spectrum further confirmed the crystals are monolayer Mo 0.91 Sb 0.09 S 2 nanosheet. The shifts of A and B excitons are also observed in the monolayer Sb-doped MoS 2 nanosheets which measured by RMCD.
RESULTS

Growth and characterization of monolayer Sb-doped MoS 2 nanosheets
For the growth of MoS 2 and Sb-doped MoS 2 nanosheets, a facile CVD process was used. As illustrated in Supplementary Figure S1a , two ceramic boats loaded with molybdenum trioxide powder and antimony powder were placed at the high-temperature zone of the furnace, respectively; and another boat loaded with sulfur was placed at the inlet of the tube. The SiO 2 /Si (the thickness of SiO 2 is 300 nm) wafer was selected as the substrate, which was placed on the top of the ceramic boat loaded with MoO 3 powder. Before heating, high-purity Ar carrier gas was first introduced into the tube flow at 150 sccm for 30 min to eliminate air in growth system, then the flow of Ar gas decrease to 5 sccm. The furnace was then heated from room temperature to 955 K at a rate of 36 K/min, and the temperature was kept at 955 K for 1 min. After 1 min of growth at 955 K, open the upper cover of the furnace to let it naturally cooled to room temperature. The detailed changes of temperature at different stages for growth process were summarized in Supplementary Figure S1b . The optical micrograph (OM) and atomic force microscopy (AFM) images of an as-synthesized representative MoS 2 sample fabricated with a growth time of 1 min show in Supplementary Figure S2 . Figure 1a is an OM of an as-synthesized representative Sbdoped MoS 2 sample fabricated with a growth time of 1 min, which shows that the crystals are triangle-shaped nanosheets with the edge lengths of 30-60 μm. The achieved triangle-shaped nanosheets have a smooth surface, regular structure, and homogeneous contrast, as shown in Fig. 1b (a magnified OM of a typical Sb-doped MoS 2 nanosheet). Meanwhile, a typical AFM image also exhibits homogeneous contrast, indicating Sb-doped MoS 2 nanosheet has a highly smooth surface. The height profile (Fig. 1c) shows the thickness of the typical nanosheet is about 0.79 nm, which corresponds to monolayer MoS 2 . In the growth process, we found that the growth time directly affected the thickness and size of the final achieved crystals. Supplementary Figure S3a -c show typical OM of three typical samples after growing 30 s, 2 min, and 5 min, respectively. It is noting that their lateral size increases with growth time. After growth 5 min, the proportion of multilayer crystals increased significantly. The increase of the lateral size of crystals is mainly due to the dangling bonds exist on the edge of the crystals. The increase of the thickness of the as-prepared crystals with prolonging the growth time is due to the nuclei easier formed on the surface of crystals. Then the nuclei grow up to form new crystals, resulting in the forming of multilayer-structured crystals. In addition, we found the carrier gas flow is also an important parameter in controlling the morphology of the final crystals. Under the small carrier gas flow (<5 sccm), the vapor pressure of sulfur can't be effectively formed in the substrate area. That is to say, there is not enough sulfur vapor to move to the substrate area in 1 min under a small carrier gas flow. It results in the formation of rhombic MoOS crystals (see Supplementary Figure S4a ). However, when the flow carrier gas is larger than 40 sccm, some irregular crystals formed on the substrate (see Supplementary Figure S4b ). This is mainly due to the sulfur molecules have a large movement rate and no effective residence time on the substrate zone.
The crystal structure, crystal quality, and chemical composition of the prepared Sb-doped MoS 2 crystals were investigated by AC-STEM, transmission electron microscopy (TEM), high-resolution TEM (HRTEM), selected-area electron diffraction (SAED) and energy dispersive X-ray spectroscopy (EDS). Supplementary Figure S5a shows the morphology of a typical triangle Sbdoped MoS 2 crystal, and all corresponding studies in this section based on this crystal. Atomic-resolution Z-contrast imaging was carried out to clarify the arrangement of the doped Sb in the MoS 2 crystal. An as-recorded scanning transmission electron microscope annular dark field (STEM-ADF) image is shown in Fig.  1d . The corresponding atomic model is shown in Fig. 1g . Due to the difference of atomic number in Mo, Sb, and S, the atoms show the different Z-contrast in STEM-ADF image. From STEM-ADF image, some different brightness spots (which depends on the Zcontrast, the brighter spot represents the atom has a larger number) can be clearly distinguished. These all spots with different intensities correspond to Sb, Mo, and S atoms, respectively, which can be further confirmed by the experimental intensity profile (Fig. 1e) . All atoms are marked in Fig. 1d Figure S5a . It is shown that the S, Sb, and Mo elements are homogeneously distributed across the whole collected region; indicating that the Sb atom can be uniformly doped into the crystal. Supplementary Figure S8 is the X-ray photoelectron spectroscopy (XPS) result of the as-prepared sample. It can be seen that the Sb 3d core-level binding energy peaks occur in the prepared sample. The Sb 3d 5/2 and Sb 3d 3/2 signatures are located at 530.5 and 539.8 eV, which are similar to the energy peaks of Sb 3+ . 38 The TEM and XPS results provide clear evidences that Sb atoms are doped into MoS 2 lattice.
Optical properties of monolayer Sb-doped MoS 2 nanosheets
The successful doping of Sb atom into the MoS 2 system was further confirmed by Raman spectroscopy and photoluminescence (PL) technology. Previous studies have proved that Raman spectroscopy technology is a powerful tool in determining the doping of TMDCs. [25] [26] [27] [28] [30] [31] [32] 35 Fig. 2a is the optical image of asprepared monolayer Sb-doped MoS 2 nanosheet on the SiO 2 /Si substrate. Figure 2b shows the corresponding Raman spectrum. Three Raman peaks located at 148, 383, and 401.7 cm −1 are detected. Among them, 383 and 401.7 cm -1 are assigned to inplane E 1 2g mode and out-of-plane A 1g mode of MoS 2 . However, these two vibration modes show slightly shifts when compared with the purity monolayer MoS 2 nanosheet. 3 The Raman spectroscopy of purity monolayer MoS 2 nanosheet is also given in Fig. 2b , two typical vibration modes located at 383.6 and 401 cm −1 , respectively. The shift of these two Raman peaks is mainly due to the doping of Sb atoms affect the original lattice vibration states. In addition, the peak located at 148 cm −1 may be related to Sb x S y . 39 Figures 2d-f show the Raman peak intensity mapping images of the peak centered at 148 cm −1 (the mode related to Sb x S y ), 383 cm −1 (E 1 2g mode of MoS 2 ), and 401.7 cm −1 (A 1g mode of MoS 2 ), respectively. It can be seen that three modes have the strong intensity and uniform color contrast. Therefore, the prepared nanosheet is a uniform Sb-doped MoS 2 crystal. Figure  2c is the PL results of monolayer Sb-doped MoS 2 nanosheet and purity monolayer MoS 2 nanosheet. Only A exciton is observed in PL results. The typical PL emission of MoS 2 located at 666 nm, which corresponding to the A exciton. When Sb atoms doped into MoS 2 to form Mo 0.91 Sb 0.09 S 2 crystals, the A exciton peak is redshift from 666 to 687 nm. Meanwhile, the A exciton intensity becomes weaker and full width at half maximum becomes larger, respectively. The changes of A exciton are mainly due to the effect of Sb atoms to electronic band structure. The observed red-shift in A exciton for the Sb-doped MoS 2 samples mainly origins from the decrease of electronic bandgap. When the foreign Sb doped in the MoS 2 , the impurity energy levels will form in the electronic band. As a result, it decreases the electronic bandgap of MoS 2 . So, the combination of excited electron-hole pairs will produce photons with smaller energy. More detailed discussion has been given in the theory section. The characterization of A and B excitons by reflection magnetic circular dichroism (RMCD) spectroscopy Studies have shown that the RMCD spectroscopy is an effective tool to investigate the electronic band structure and magnetic properties of crystals. [40] [41] [42] More recently, the A and B excitons of MoS 2 crystals are studied in detail by the RMCD. 42 The effect of Sb doping on MoS 2 were further confirmed by the RMCD results. The strong spin-orbit coupling in MoS 2 causes the spin degeneracy of electronic structures. The maximum splitting for the valence band appears at the K and K' points; while, at these points, the splitting , which collected from the marked square area in a. Scale bars = 10 μm Fig. 3 The characterization of A and B excitons. a Reflection magnetic circular dichroism (RMCD) spectra of monolayer Sb-doped MoS 2 and pristine MoS 2 crystals. The RMCD were performed at room temperature and the external field is −3T. b Schematic view of the splitting of electronic band structure at the K and K' points under the different applied magnetic fields (B k ±ẑ) due to the strong spin-orbit coupling. c Temperature-dependent RMCD spectra under −3T magnetic field, and d low-temperature (70 K) RMCD spectra under different magnetic fields of monolayer Sb-doped MoS 2 of conduction band is very small (Fig. 3b) . As a result, we will observe A and B excitons in PL, optical absorption spectrum, and optical reflection spectrum by some specific measurements. 43 As shown in Fig. 3a , the room-temperature RMCD spectrum from monolayer MoS 2 and Sb-doped MoS 2 single crystals display a similar shape, with A and B excitons observed in both crystals. For monolayer Sb-doped MoS 2 , compared with MoS 2 , the A exciton red shift about 21 nm and the B exciton red shift about 12 nm, respectively. The room-temperature RMCD results are very similar with the PL results.
Temperature-dependence of RMCD spectra for monolayer Sbdoped MoS 2 are investigated in detail (Fig. 3c) . With the decreasing temperature from 300 to 70 K, the peak positions of the A and B excitons undergo the significant blue-shifts. Meanwhile, the relative intensities of these two excitons have also changed clearly. For 300 K, the relative intensity of the B exciton is larger than the A exciton. As the temperature decreases, the intensity of the A and B excitons gradually increase. However, the intensity of A exciton increases faster than B exciton. When the temperature decreases to 70 K, the relative intensity of the A exciton becomes larger than the B exciton. Figure 3d shows the RMCD spectra of monolayer Sb-doped MoS 2 under 70 K at different magnetic fields. The results show that two typical RMCD features (A and B excitons) are observed at non-zero field. But, the curves at different magnetic fields do not show the traditional symmetrical feature. This is mainly due to the limited quality of the tested crystal. The true reason may be more complicated, and more discussion is not given here.
DISCUSSION
To understand the differences between monolayer MoS 2 and Sbdoped MoS 2 in PL and RMCD spectra, their electronic band structures are investigated by density functional theory (DFT) calculations. The 5 × 5 × 1 conventional unit cell is selected for the studying of the pristine MoS 2 (Fig. 4a) and Sb-doped MoS 2 monolayer (Fig. 4d) . The electronic band structure and density of states for pristine MoS 2 monolayer from the PBE calculations including the spin-orbit coupling (SOC) effect are shown in Fig. 4b and c. The band gap of the pristine MoS 2 monolayer is direct, with the conduction band minimum (CBM) and valence band maximum (VBM) located at the K point. We also can know that these states at the band edge mainly originate from the hybridization of S 3p and Mo 4d orbitals (Fig. 4c) . Due to the SOC effect and the lack of inversion symmetry, the valence-band maximum has a large split (about 134 meV, they are K v1 and K v2 , respectively.), the CBM at K point also split but with a smaller splitting (3.7 meV, simply expressed as K c .). The calculated band gaps from K v1 to K c and K v2 to K c are 1.71 and 1.85 eV, which are corresponding to the A and B excitons. The result is in well agreement with the previous studies and smaller than the value measured by RMCD (A exciton is 1.85 eV, B exciton is 2.01 eV) and PL (only A exciton is observed, the peak position at 1.86 eV). 6 Just like our case, the similar underestimation is also observed in the most TMDCs, which calculated by the conventional GGA-PBE method.
However, when the Mo atoms substituted by Sb atoms, the impurity energy levels appeared in band-gap. Here, the doping concentration is about 4% (one Mo atom is substituted by a Sb atom in a 5 × 5 × 1 supercell). We observed that the bands near the VBM originate from the hybridization between the Mo 4d, Sb 5 s and 4d orbitals (Fig. 4f) ; among them, the Mo 4d orbital plays the main role. Meanwhile, two unoccupied impurity energy levels are formed at about 0.67 eV below the CBM, as illustrated in Fig. 4e . They mainly formed from the Sb 5 s orbital (Fig. 4f) . After doping, the band gap becomes smaller than the pristine one; the band gaps for Sb-doped MoS 2 from K v1 to K c and K v2 to K c are 1.39 and 1.49 eV. So, it can illustrate the red-shifts of A and B excitons in the RMCD spectrum. In addition, due to the presence of these impurity energy levels, the transition process of non-equilibrium excess electrons is more complicated. Under the illumination of light with wavelength smaller than the band gap, the electron in the valence band will be excited to the impurity energy level near the CBM and conduction band. After the light is turned off, the non-equilibrium excess electrons in the impurity energy level and conduction band will return to the valence band. Due to the bandimpurity recombination, the probability of band-band recombination is reduced. So, the intensity of band-band radiation (PL) will be decreased. These calculation results qualitatively explain our experimental results of PL and RMCD.
In addition, the electronic transport properties of Sb-doped MoS 2 are also detailed investigated here. As shown in Supplementary Figure S9 and S10, the linear I-V curves indicate the formation of good ohmic contacts between Au electrodes and the prepared crystals. The typical field effect transistor based on the monolayer Sb-doped MoS 2 nanosheet exhibit a room-temperature electronic mobility of about 1.06 cm 2 /V·s (see Supplementary  Figure S10a ), which is larger than monolayer MoS 2 (0.56 cm 2 /V·s, see Supplementary Figure S9a ) prepared using the same conditions as Sb-doped MoS 2 . Meanwhile, for monolayer Sbdoped MoS 2 FET, the carrier mobility has a peak value of about 1.8 cm 2 V −1 s −1 at about 100 K (see Supplementary Figure S11a  and b) . At low-temperature region, the carrier mobility is mainly limited by the impurity scattering. Above 100 K, the carrier mobility decreases rapidly with the increase of temperature in the form of μ ∼ T −α , where α ≈ 0.38 (see Supplementary Figure  S11b ). This is due to lattice scattering dominates at this temperature region. But, the transition temperature of our prepared monolayer MoS 2 FET is about 260 K, and α ≈ 0.63, respectively (see Supplementary Figure S11c and d) . The calculated electronic mobility of Sb-doped MoS 2 crystal is slightly larger than the purity monolayer MoS 2 , which may be related to the difference of defects and impurity concentrations in these two crystals. In 2D semiconductors, the possible scattering mechanisms are mainly acoustic and optical phonon scattering, Coulomb scattering at charged impurities, surface interface phonon scattering, and roughness scattering. The interaction of these scattering limit the carrier mobility. To this case, the doping of Sb in the MoS 2 system may decreases the density of defects. Moreover, the Sb-doping of MoS 2 crystals may have potential applications in multifunctional electronic and optoelectronic devices. More details can be found in Supplementary Discussion.
In summary, monolayer Sb-doped MoS 2 crystals successfully synthesized using a controllable CVD method. Growth time and carrier gas flow rate play the important role in controlling the layer and size of the final crystals. AC-STEM, HRTEM, and Raman spectroscopy results indicate that the Sb atoms are doped into MoS 2 by substitutionally replacing the Mo atoms in host lattice to form stable doping. EDS spectrum confirmed the stoichiometric ratio of Mo, Sb, and S is about 0. 
METHODS
Synthesis of monolayer MoS 2 and Sb-doped MoS 2 crystals
The monolayer MoS 2 and Sb-doped MoS 2 were grown on SiO 2 /Si substrate by a CVD process in a horizontal tube furnace. In a typical synthesis, 0.1 g pure sulfur powder, 0.06 g antimony power, and 0.2 g molybdenum trioxide powder were added to the ceramic boats as the source materials and placed at three different points of the furnace. Argon (Ar) is selected as the carrier gas. The substrates were placed on top of the ceramic boat loaded with molybdenum trioxide powder (Supplementary Figure S1a) . The detailed heating conditions have been illustrated in Supplementary Figure S1b . In order to study the growth process, four growth times with 30 s, 1 min, 2 min, and 5 min have been applied. Before heating, highpurity Ar carrier gas was first introduced into the tube flow at 150 sccm for 30 mins to eliminate air in growth system, then the flow of Ar gas decrease to 3, 5, and 40 sccm for three different growth conditions, respectively. Finally, the furnace was cooled down to room temperature naturally. Meanwhile, increasing the gas flow rate of Ar rapidly expel the vapour in a remarkably short period of time.
Fabrication of devices
The monolayer MoS 2 and Sb-doped MoS 2 based FETs fabricated on the SiO 2 /Si substrate (Si substrate with 300 nm SiO 2 insulating top layer) by the conventional lithography and electron-beam deposition, and lift-off process. The Au source and drain electrodes were deposited by electron beam evaporation. After removing the photoresist by acetone, the FETs were annealed under Ar atmosphere at 150°C for 30 min to remove resist residue and decrease contact resistance.
Measurement and characterization
The phase compositions, crystallographic structures, morphologies of the as-prepared materials were examined by optical microscope, highresolution transmission electron microscopy (HRTEM; JEM-2100F, JEOL), and selected-area electron diffraction (SAED; JEM-2100F, JEOL), and energy dispersive X-ray spectroscopy (EDS; JEM-2100F, JEOL). Raman, Raman mapping, and photoluminescence (PL) spectra were collected using Renishaw inVia Reflex Raman Microscope and Spectrometer at the excitation line of 532 nm. The thicknesses of the prepared crystals were identified by atomic force microscopy (AFM, Nanoscope IIIa). Currentvoltage (I-V) and the electron transport characteristics of the FETs were measured with transistor test system (Agilent-B2902). The excitons of purity and Sb-doped MoS 2 are measured with a home-built microscopic RMCD system. The applied magnetic field can be varied from −3 T to 3 T.
Density functional theory calculations
First-principles calculations were performed using the projector augmented wave method with the generalized gradient approximation of PerdewBurke-Ernzerhof (GGA-PBE) exchange-correlation functional including van der Waals corrections, as implemented in the Vienna ab initio simulation package. [44] [45] [46] [47] The spin-orbit coupling effect is also considered in the calculation. All calculations are carried for a 5 × 5 × 1 supercell with 25 Mo atoms and 50 S atoms. A 15 Å vacuum layer is used to eliminate the interaction between adjacent images. By replacing one Mo atom with a Sb atom, the impurity concentration is set to 4%. Energy cutoff for plane-wave expansion was set to 450 eV. All the structures were fully relaxed using the conjugated gradient method until the Hellmann-Feynman force on each atom was less than 0.01 eV/Å.
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